INTRODUCTION {#SEC1}
============

Bacteria rapidly adapt their transcriptome and proteome to facilitate the halting of cellular replicative processes to promote survival in changing environments such as limited nutrients. Toxin-antitoxin genes are central to this adaptation through their regulation of growth during stress ([@B1]). These stress modules are ubiquitous throughout bacteria and their prominent role in facilitating the transition into the bacterial persistence state is now well established ([@B2]--[@B11]). Type II toxin-antitoxin gene pairs encode two small proteins (∼10--15 kDa) that form a transcriptional repressor complex during nutrient-rich growth. Diminishing nutrients and other stresses trigger a number of downstream events that cause degradation of the antitoxin by cellular proteases Lon, ClpXP and ClpAP, resulting in de-repression at the toxin-antitoxin locus and freeing of the toxin protein ([@B12]--[@B16]). Toxin activation causes an arrest in replication, transcription or translation due to degradation of essential protein or RNA molecules that reduce the available pools of building blocks for sufficient growth. The dual roles of toxin-antitoxin modules therefore allow for rapid transcriptional and translation regulation to alter expression patterns that are dependent upon the environment encountered.

Type II toxin proteins repress translation by degradation of free mRNA, ribosome-bound mRNA, rRNA, tRNA or even modification of translation factors ([@B17]--[@B27]). Toxins RelE, YafQ, YoeB and HigB cleave only ribosome-bound mRNA and display loose codon specificity ([@B17],[@B18],[@B22],[@B26],[@B28]). These ribosome-dependent, RelE/YoeB family members adopt microbial RNase folds containing a compact, antiparallel β-sheet flanked by 2--4 α-helices and a distinctive concave active site where mRNA is likely engaged ([@B29]--[@B33]). Despite the overall topological similarity of the toxins, there is high variability in the residues that comprise the active site ([@B34]) (Figure [1A](#F1){ref-type="fig"}), leading to the suggestion that mRNA cleavage may be distinct for each toxin or that the ribosome may play an active role in hydrolysis ([@B17],[@B35]). However it is currently thought that although the ribosome positions the mRNA substrate in an orientation that is optimal for catalysis, the ribosome does not actively participate in hydrolysis ([@B36]).

![YafQ sequence conservation and modeling of its interactions with the 70S ribosome. (**A**) Sequence alignments of *E. coli* YafQ, *E. coli* RelE, *E. coli* YoeB and *P. vulgaris* HigB share low sequence identities (11--20%). There are no 70S structures available with YafQ and HigB bound (upper sequences). RelE and YoeB residues (bottom sequence) that interact with 16S rRNA helices (shaded blue) and proposed catalytic residues (shaded pink) are from RelE- and YoeB-bound 70S structures (PDB codes 4V7J and 4V8X). The proposed HigB catalytic residue H92 ([@B26]) is shaded pink. YafQ residues predicted to interact with 16S rRNA (shaded light blue) or proposed to be catalytic (shaded light pink) are tested in this study. (**B**) The crystal structure of YafQ (PDB code 4Q2U; blue) docked onto 70S by structurally aligning with the 70S-RelE complex (middle; PDB code 4V7J). YafQ residues tested in this study are depicted as sticks. The three mRNA nucleotides in the A site are numbered +4, +5 +6 according to the AUG start codon (+1, +2, +3) in the P site. A structure of the 70S-RelE active site (middle; PDB code 4V7J) and the 70S-YoeB active site (right; PDB code 4V8X) are shown for comparison. RelE residues R81\* and R45\* were mutated to alanine in 70S structural studies. (**C**) A 120° rotation of (B) emphasizing the predicted and known interactions of YafQ (left), RelE (middle) and YoeB (right) with 16S rRNA helices h18, h31 and h34. A YoeB dimer interacts with the ribosomal A site (depicted as purple and white monomers) which alters how YoeB interacts with 16S rRNA h31 as compared to RelE (red dotted box).](gkv791fig1){#F1}

Structures of RelE and YoeB bound to the A site of the 70S provided significant insights into how toxins recognize their mRNA targets ([@B36],[@B37]). From the 70S-RelE structures, it was proposed that R81 and Y87 function as acid-base pairs, R61 stabilizes the transition state and K52 and K54 provide transition state charge stabilization ([@B36]) (Figure [1B](#F1){ref-type="fig"}). Single turnover kinetic experiments further demonstrated that R81 and K52 facilitate acid-base catalysis and R61 and K54 stabilize the transition state ([@B38]). No detailed mechanistic studies of YoeB exist but functional and structural studies suggest that H83 and E46 promote mRNA degradation as the acid-base pairs while R65 likely stabilizes the transition state ([@B32],[@B37]). Despite these advances, it is difficult to extend our understanding to other proposed ribosome-dependent toxins such as YafQ and HigB because they lack similar active site residues and instead, contain histidines and acidic residues such as aspartic acid and glutamic acid (Figure [1A](#F1){ref-type="fig"}). Therefore it is unclear if a unified mechanism to describe how toxins degrade mRNA on translating ribosomes can be developed.

The crystal structure of the DinJ-YafQ toxin-antitoxin complex confirmed that the YafQ toxin is a RelE/YoeB family member; YafQ adopts a four-stranded, β-sheet with three solvent-exposed α-helices and a distinctive concave cleft located between its β-sheet and α3 ([@B39],[@B40]). In the context of the DinJ-YafQ complex, three histidines (H50, H63 and H87) chelate a single sulfate ion, suggesting these residues interact with the negatively charged nucleic acid phosphate backbone ([@B39],[@B40]). Modeling of YafQ onto other ribosome-dependent toxins RelE and YoeB bound to the 70S ribosome ([@B36],[@B39]) provides hints as to which YafQ residues may be important for catalysis and ribosome recognition (Figure [1B](#F1){ref-type="fig"} and [C](#F1){ref-type="fig"}). In this study we demonstrate that YafQ residues H50, H63, D67, H87 and F91 play significant roles in mRNA catalysis and that three patches of basic residues on the surface of YafQ facilitate ribosome recognition. Comparison with other RelE/YoeB toxin family members and microbial endonucleases reveals conserved toxin α-helices are the likely determinants for recognition of 16S rRNA providing a structural basis for the selectivity of these toxins for the ribosomal A site.

MATERIALS AND METHODS {#SEC2}
=====================

Sequence alignments and molecular modeling {#SEC2-1}
------------------------------------------

Ribosome-dependent toxins were aligned with *E. coli* YafQ (PDB code 4Q2U) ([@B39]) based upon their similar tertiary structures represented by having an overall high Z-scores using the program Dali ([@B41]): *E. coli* RelE (PDB code 4FXI, Z-score = 9.5, RMSD of 2.3 Å, 11% sequence identity) ([@B30]), *E. coli* YoeB (PDB code 2A6S, Z-score = 12.0, RMSD of 2.0 Å, 20% sequence identity) ([@B32]) and *P. vulgaris* HigB (PDB code 4MCX, Z-score = 9.3, RMSD of 2.3 Å, 15% sequence identity) ([@B33]). YafQ was modeled onto *E. coli* RelE bound to the *Thermus thermophilus* 70S structure (PDB code 4V7J) ([@B36]) in DaliLite using the pairwise structural alignment feature ([@B42]). All figures were generated using PyMOL ([@B43]).

Site-directed mutagenesis {#SEC2-2}
-------------------------

The plasmid pBAD33-YafQ was a kind gift from the Woychik laboratory (Rutgers University). The design of plasmid pET-DinJ-(His~6~)YafQ was described previously ([@B39]). Both of these plasmids served as templates for site-directed mutagenesis with indicated primers using the QuikChange Lightning Kit (Agilent) (Supplementary Table S1).

Growth assays {#SEC2-3}
-------------

The *E. coli* BW25113 strain was used in the toxicity assays ([@B44]). Growth assays were performed in M9 medium supplemented with 0.05% (w/v) casamino acids, 10 mM magnesium sulfate and 25 μg ml^−1^ chloramphenicol at 37°C as previously described ([@B18]). Overnight cultures containing 0.21% (v/v) glucose to suppress leaky expression were diluted 1:100 and grown in M9 medium containing 0.21% (v/v) glycerol until an OD~600~ of 0.2. Each culture was then split with one receiving 0.2% arabinose and the other no arabinose. Time points were taken every hour after induction for 5 h. All growth curves were performed at least three independent times.

Western blot analysis {#SEC2-4}
---------------------

Expression levels of DinJ-YafQ from the growth assays were detected by Western blot analysis using polyclonal antibodies against the complex (kind gift from the Woychik laboratory) ([@B18]). Anti-rabbit IgG (Sigma) and ECL-prime kit (GE Healthcare) were used for chemiluminescent detection. YafQ mutants (10.8 kDa, untagged) were compared to both components of the DinJ-(His~6~)YafQ complex (9.4 kDa and 12.1 kDa, respectively).

\[^35^S\]-labeling and purification of YafQ and DinJ {#SEC2-5}
----------------------------------------------------

The *E. coli* BL21 Gold (DE3) pLysS strain was used for purification of \[^35^S\]-labeled YafQ or \[^35^S\]-DinJ. Overnight cultures were grown in M9 minimal medium supplemented with 0.05% (w/v) casamino acids, 0.2% (v/v) glycerol, 10 mM magnesium sulfate, 10 μg ml^−1^ thiamine and 200 μg ml^−1^ ampicillin at 37°C. The cultures were diluted to 1:100 and grown to an OD~600~ of 0.5. \[^35^S\]-L-Methionine (final concentration of 2 μCi/ml) was added to the cells and grown for 15 min to suppress methionine biosynthesis. Cultures were induced with 0.4 mM IPTG (final concentration), grown for 2 h and cells were lysed by sonication in 20 mM Tris-HCl pH 7.5, 250 mM KCl, 0.1% (v/v) Triton X-100, 5 mM β-mercaptoethanol (β-Me), 0.1 mM phenylmethanesulfonylfluoride and 0.1 mM benzamidine. Cell debris was removed by centrifugation at 35,000 x g. Recombinant protein was purified by affinity chromatography on a HisSpin Trap^TM^ column (GE Healthcare) pre-equilibrated with a binding buffer containing 40 mM Tris-HCl pH 7.5, 250 mM KCl, 5 mM imidazole, 5 mM MgCl~2~, 10% (v/v) glycerol and 5 mM β-Me. To disrupt the DinJ-(His~6~)YafQ complex and elute DinJ, binding buffer in addition to 6 M guanidine-HCl was applied. Denatured YafQ was eluted by the addition of 300 mM imidazole and 6 M guanidine-HCl to the binding buffer. Both DinJ and YafQ were shock refolded by rapid dilution, concentrated and buffer exchanged into a storage buffer of 40 mM Tris-HCl pH 7.5, 250 mM KCl, 5 mM MgCl~2~ and 5 mM β-Me, flash frozen in liquid nitrogen and stored at −80°C. Protein purity was determined to be of \>95% by SDS-PAGE in addition to imaging using a Typhoon Trio phosphorimager (GE Healthcare).

Purification of wild-type YafQ, DinJ and DinJ-YafQ {#SEC2-6}
--------------------------------------------------

The same strain and buffers used for \[^35^S\]-labeling of YafQ and DinJ were used when purifying the DinJ-(His)~6~YafQ complex, YafQ and DinJ. Overnight cultures were grown in LB medium supplemented with 200 μg ml^−1^ ampicillin at 37°C. Cultures were diluted 1:100, grown until an OD~600~ of 0.5--0.7, protein expression was induced with 0.4 mM IPTG (final concentration) and cultures were incubated for 3 h. Cells were lysed by sonication, centrifuged at 35,000 x *g* to remove cell debris, and the supernatant containing DinJ-(His)~6~YafQ was affinity purified on a HisTrap FF Crude^TM^ Ni^2+^ Sepharose column (GE Healthcare). The DinJ-(His~6~)YafQ complex was eluted by the addition of 300 mM imidazole in the binding buffer. For DinJ or YafQ purification, the complex was disrupted by applying the denaturing binding buffer containing 6 M guanidine-HCl to elute DinJ, while denatured (His~6~)YafQ was column refolded by slowly reducing the concentration of guanidine-HCl over 8 h. Eluted DinJ was shock refolded as described above. Finally, (His~6~)YafQ was eluted by addition of 300 mM imidazole and further purified on a Sephadex 75 16/60 gel filtration column (GE Healthcare) into the storage buffer (40 mM Tris-HCl pH 7.5, 250 mM KCl, 5 mM MgCl~2~ and 5mM β-Me). The purity of all proteins was \>95% as determined by SDS-PAGE. Typical yields were 25 mg of the DinJ-YafQ complex from one liter of culture with a final yield of 6--7 mg of YafQ after the denaturation/renaturation protocol. Proteins were flash frozen in liquid nitrogen and stored at −80°C.

Binding assays {#SEC2-7}
--------------

The binding assays were performed as previously reported ([@B45]) with a few minor changes. *E. coli* 70S were purified from strain MRE600 as previously described ([@B46]) but after the initial sucrose pelleting step, the lysate was applied to a hydrophobic interaction column (Toyopearl Butyl-650S) to further purify from RNases. *E. coli* 70S ribosomes (2.5 μM final concentration) were programmed with a two molar excess of mRNA (IDT) at 37°C for 6 min in 50 mM KCl, 10 mM NH~4~Cl, 10 mM Mg(OAc)~2~ and 5 mM HEPES, pH 7.5 ([@B47]). The mRNA sequence 5′-GGCA[AGGA]{.ul}GGUAAAA *AUG* A~1~A~2~A~3~ GAAA-3′ contains an A-site AAA lysine codon (Shine-Dalgarno is underlined, P-site codon is in italics and subscripts denote the A-site codon nucleotides) or an uncleavable mRNA with 2′-OCH~3~ groups at the three A-site nucleotides to prevent cleavage. A four-fold molar excess of P-site *E. coli* tRNA^fMet^ (Chemical Block) was incubated at 37°C for 30 min. This programmed 70S complex was serially diluted (0.125 -2 μM \[70S\] final) and either \[^35^S\]-YafQ or \[^35^S\]-DinJ (0.25 μM final concentration) were added and incubated for 10 min at 37°C. The 70S complex was separated from unbound \[^35^S\]-YafQ or \[^35^S\]-DinJ by filtration over a Microcon^TM^ YM-100 column (EMD Millipore). The samples were centrifuged to dryness at 5000 x *g* for 10 min, the 70S complex was recovered by the addition of 25 μl of buffer to the membrane for 10 min and the amount of radioactivity was determined by liquid scintillation counting. The fraction of YafQ/DinJ bound to the 70S was determined by the amount of radioactivity in the retentate (cpm) divided by the total radioactivity (cpm). The previously published protocol measured the amount of unbound \[^35^S\]-IF1 in the filtrate ([@B45]), however we observed nonspecific binding of free \[^35^S\]-YafQ to the membrane therefore the amount of 70S-\[^35^S\]-YafQ bound in the retentate was instead measured. Equilibrium binding of \[^35^S\]-YafQ to 70S were fit to a quadratic equation taking into account ligand depletion ([@B45],[@B48]) using the GraphPad Software ([@B49]). $$\documentclass[12pt]{minimal}
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*K* ~d~ is the equilibrium dissociation constant and \[70S·Yaf Q\]/\[YafQ\] is the fraction of YafQ bound to the ribosome. The fraction of 70S bound \[^35^S\]-YafQ was plotted against the \[70S\] as determined by three independent experiments. The use of the ligand depletion binding allows for a statistical analysis of the goodness of fit of the data (R^2^).

mRNA cleavage assays {#SEC2-8}
--------------------

*E. coli* 70S ribosomes (1.2 μM) were programmed with 5′- \[^32^P\] mRNA (0.6 μM, IDT; same mRNA as used in the binding studies) at 37°C for 6 min. A two fold molar excess of 70S to mRNA was used to ensure all mRNA was bound to the ribosome. *E. coli* tRNA^fMet^ was next added (3 μM) to fill the P site at 37°C for 30 min and then further incubated for 10 min at 25°C. The final concentration of the 70S-\[^32^P\]mRNA-tRNA^fMet^ complex was 0.6 μM. Similar to previous qualitative 70S-RelE cleavage assays ([@B36]), one molar equivalent of YafQ (0.6 μM) was next incubated at 25°C, aliquots were removed at different time points, quenched with an equal volume of formamide dye (80% formamide, 0.2 mg ml^−1^ bromophenol blue, 0.2 mg ml^−1^ xylene cyanol) and incubated at 65°C for 2 min. Samples were loaded onto an 18% polyacrylamide/8 M urea gel and the amount of mRNA cleaved was quantified with ImageQuant TL (GE Healthcare). To determine whether a 3′ phosphate remained after YafQ cleavage, samples were heated to 65°C for 10 min to precipitate ribosomal RNA and proteins, cooled for 10 min, and then T4 polynucleotide kinase (T4 PNK; New England Biolabs) was incubated for 6 h at 37°C before analysis on the denaturing 8M urea PAGE gel. All of the mRNA cleavage assays were performed in three independent experiments.

RESULTS {#SEC3}
=======

H50, H63, D67, H87 and F91 are important for YafQ toxicity {#SEC3-1}
----------------------------------------------------------

YafQ residues that may be potentially important for catalysis were identified from modeling studies of the X-ray crystal structure of YafQ onto previously solved 70S-RelE structures ([@B36]) (Figure [1B](#F1){ref-type="fig"}) and upon mutation to alanine, tested their effect on YafQ function using *in vivo* growth assays. Overexpression of YafQ inhibits cell growth and a mutation in a residue required for YafQ activity should restore growth ([@B18]). YafQ H50A, H63A, D67A, H87A and F91A variants all result in the restoration of growth upon overexpression indicating that each residue is important for YafQ function (Figure [2](#F2){ref-type="fig"}). YafQ mutants D61A and Q53A did not affect growth, suggesting these residues are not individually required for function. Western blot analysis of each growth assay using antibodies specific for the DinJ-YafQ complex demonstrate that restoration of growth is not from insoluble YafQ but from an inactive YafQ (Supplementary Figure S1).

![Identification of YafQ residues important for function. (**A** and **B**) Potential YafQ residues important for function were mutated to alanine and upon overexpression, their effect on *E. coli* growth was monitored. Overexpression of wild-type YafQ (WT) results in inhibition of cell growth (red line) while restoration of cell growth indicates YafQ inactivity suggesting an essential role for the residue. An uniduced WT YafQ is shown for comparison. Error bars display standard deviations from at least three replicates.](gkv791fig2){#F2}

Extended basic patches on the YafQ surface are also important for YafQ toxicity {#SEC3-2}
-------------------------------------------------------------------------------

RelE α1 and α2 interact with 16S rRNA helices 31 and 18 (h31 and h18), respectively and do not contact the 50S or ribosomal proteins (Figure [1C](#F1){ref-type="fig"}) ([@B36]). YoeB also interacts with 16S rRNA h31 and h18 but the details of this interaction are slightly different because YoeB binds to the ribosome as a dimer unlike other ribosome-dependent toxins which are monomeric on and off the ribosome (Figure [1C](#F1){ref-type="fig"}) ([@B30],[@B32],[@B33],[@B37],[@B39],[@B40]). An additional interaction between the ribosome and YoeB is with loop 3 residues K42 and K44 while in RelE this loop is shorter and does not contact the ribosome (Figure [1C](#F1){ref-type="fig"}). Although these interactions have been seen in 70S-toxin bound structures, whether these interactions are important for function has never been established. From our modeling experiments of YafQ in the ribosomal A site, we predict that α1 and α2 are adjacent to 16S rRNA while loop 3 would need to rearrange to prevent clashing with mRNA (Figure [1B](#F1){ref-type="fig"} and [C](#F1){ref-type="fig"}). To determine if YafQ residues in α1 and α2 are important for function, we mutated three patches of positively charged residues (K14A/K17A, K21A/R22A/K24A and K28A/K30A) and loop 3 residues Y47 and K48 to alanine, and tested the growth of bacteria expressing mutant toxins. If restoration of growth occurs, this potentially suggests we have ablated YafQ binding to the ribosome. Our results show that all three patches of lysine and arginine mutations and K48A result in a similar partial restoration of cell growth (Figure [3A](#F3){ref-type="fig"} and [B](#F3){ref-type="fig"}). These data indicate that while each single residue may not individually be essential for YafQ recognition of the ribosome, the residues may be collectively required for recognition of the A-site 16S rRNA surface. The Y47 residue appears to play a significant functional role as bacterial growth is fully restored upon mutation to an alanine (Figure [3B](#F3){ref-type="fig"}).

![Ribosome-dependent toxins use two α-helices to directly interact with 16S rRNA. (**A** and **B**) Potential YafQ residues important for interacting with 16S rRNA were mutated to alanine and their effect on *E. coli* growth was monitored. Overexpression of wild-type YafQ (WT) results in inhibition of cell growth (red line) while restoration of growth indicates a possible disruption of YafQ\'s interaction with the ribosome. An uniduced WT YafQ is shown for comparison. Error bars display standard deviations from at least three replicates.](gkv791fig3){#F3}

H50 and H87 are not important for 70S binding {#SEC3-3}
---------------------------------------------

Our *in vivo* growth assays, in addition to previous studies ([@B34]), indicate that YafQ residues Y47, H50, H63, D67, H87 and F91 are functionally important (Figure [2](#F2){ref-type="fig"}). To delineate whether these, and other residues that cluster around the mRNA according to our modeling studies (Figure [1B](#F1){ref-type="fig"}), are important for recognition of the ribosomal A site, we performed binding assays where we incubated \[^35^S\]-YafQ with increasing concentrations of 70S ribosomes programmed with mRNA containing an A-site lysine codon (5′-AAA-3′; all codons are denoted in the 5′ to 3′ direction) and a tRNA^fMet^ in the P site. The mRNA also contained a 2′-OCH~3~ ribose modification at all three A-site nucleotide positions which prevents toxin-mediated cleavage ([@B36]). In the 70S-RelE and 70S-YoeB structures, as there are no interactions with the 2′-OH groups at the +4 and +6 positions of the mRNA, we rationalize that these groups play little to no role in recognition of the A-site mRNA and therefore should have little effect when modified with a 2′-OCH~3~ ([@B36],[@B37]). Our results indicate that wild-type YafQ binds to the A site of the ribosome with an apparent dissociation constant (*K*~d~) of 358 nM, binding within the same order of magnitude as other A-site binding translation factors (IF1, 600 nM; IF3, 440 nM) and tRNAs (20--500 nM) (Figure [4A](#F4){ref-type="fig"}; Table [1](#tbl1){ref-type="table"})([@B45],[@B50]). YafQ shows weak or no binding to a 70S programmed with mRNA containing a non-preferred UUC codon or an empty 70S (e.g. without mRNA or P-site tRNA), respectively (Figure [4A](#F4){ref-type="fig"}). Likewise as expected, cognate \[^35^S\]-DinJ antitoxin does not show detectable binding to a programmed 70S. We next tested YafQ binding to a 70S programmed with an AAA codon (*i.e*. cleavable lysine codon lacking the 2′-OCH~3~ modification). In this case, the apparent dissociation constant is reduced 10-fold to 4.5 μM, consistent with YafQ departing the programmed 70S after mRNA degradation (Figure [4A](#F4){ref-type="fig"}). For all subsequent binding assays, we used an uncleavable lysine codon for consistency.

![YafQ α1 and α2 helices are important for recognition of the A site of the 70S ribosome. (**A**) Increasing amounts of *E. coli* 70 were incubated with \[^35^S\]-YafQ and the amount of YafQ bound to the A site were plotted against fraction bound. Control experiments include: A-site AAA lysine mRNA, uncleavable mRNA (AAA^OMe456^ where 'OMe456' denotes a 2′-OCH~3~ group at the A-site nucleotides +4, +5 and +6), non-preferred UUC phenylalanine codon, cognate antitoxin DinJ, and experiments lacking mRNA bound to the 70S. Binding assays in (**B**), (**C**), and (**D**) were performed with an uncleavable mRNA (AAA^OMe45^ lysine codon). Data were fit to a one site binding with ligand depletion model using the GraphPad Prism program. Error bars display standard deviations from at least three replicates.](gkv791fig4){#F4}

###### Summary of the effects YafQ mutations have on bacterial growth, *in vitro* binding to a programmed 70S and *in vitro* mRNA degradation

  *E. coli* YafQ   mRNA codon^a^   Growth rate^b^   70S binding^c^   mRNA cleavage^d^   Possible role for YafQ residues   
  ---------------- --------------- ---------------- ---------------- ------------------ --------------------------------- -----------------------------
  Wild-type        AAA             NA               4.5 ± 0.78       0.9402             +++                               
                   AAA^OMe^        NA               0.36 ± 0.07      0.9489             NA                                
                   UUC             NA               \>15^e^          0.8979             NA                                
  Q53A                             \-               0.50 ± 0.13      0.9497             NA                                No role
  Y47A                             +++              0.49 ± 0.08      0.9692             +++                               Unknown
  D61A                             \-               0.61 ± 0.14      0.9157             ++                                Minimal role in positioning
  F91A                             +++              3.37 ± 0.48      0.9709             ++                                mRNA positioning
  H63A                             +++              3.94 ± 0.92      0.8362             ++                                Catalysis/mRNA positioning
  D67A                             +++              0.81 ± 0.10      0.9616             ++                                Indirect catalysis
  H50A                             +++              0.99 ± 0.27      0.9053             \+                                Catalysis
  H87A                             +++              0.62 ± 0.20      0.9229             \-                                Catalysis
  Triple mutant                    NA               NA               NA                 \-                                Catalysis
  K48A                             ++               14.7 ± 3.1       0.9456             NA                                16S rRNA recognition
  K14A/K17A                        ++               \>15^e^          0.8607             NA                                16S rRNA recognition
  K21A/R22A/K24A                   ++               \>15^e^          0.9636             NA                                16S rRNA recognition
  K28A/K30A                        ++               1.44 ± 0.28      0.9545             NA                                16S rRNA recognition

NA, not attempted; Triple mutant is YafQ H50A, D61A and H63A.

^a^A-site codons are shown for the 70S binding studies with wild-type YafQ. AAA^OMe^ represents a codon containing a 2′-OCH~3~ modification at all three A-site nucleotides.

^b^Growth rates in minimal M9 medium at 37°C with wild-type YafQ overexpression resulting in no growth (-) while resumption of growth is indicated by ++ (partial reversal) or +++ (complete reversal of growth inhibition).

^c^*K*~d~ values are the mean ± SEM from at least three independent experiments with their corresponding goodness of fit (R^2^). For the studies with the different YafQ variants, all were performed with an uncleavable AAA^OMe^ A-site codon.

^d^Extent to which YafQ and YafQ variants cleave mRNA are indicated by +++ (robust degradation), ++ (partial degradation), + (minimal degradation) and -- (no degradation).

^e^Little to no binding to 70S in our assay.

YafQ proteins with mutations at residues determined to be important for activity from functional assays were tested for their ability to bind a programmed 70S (Figure [2](#F2){ref-type="fig"}). YafQ carrying H50A and H87A mutations had only a ∼2--2.5-fold effect on binding (990 nM and 620 nM, respectively). In contrast, the H63A mutant displayed a reduction in affinity by 10-fold to 4 μM (Figure [4B](#F4){ref-type="fig"}). YafQ residue D67 is proposed to be functionally important (Figure [2B](#F2){ref-type="fig"}) yet did not exhibit any reduction in binding upon alanine substitution, indicating its main role is likely catalytic (Figure [4C](#F4){ref-type="fig"}). Conversely, the main role of proposed YafQ active site residue F91A appears to be in recognition of either the mRNA or the ribosome as mutation to alanine results in a 10-fold reduction in binding (*K*~d~ = 3.4 μM) (Figure [4C](#F4){ref-type="fig"}). YafQ binding to 70S is affected slightly when Q53 is mutated to alanine (502 nM) suggesting this residue does not play any role in productive binding (Figure [4C](#F4){ref-type="fig"}). Lastly although the D61A variant exhibits wild-type YafQ toxicity in growth assays suggesting an important functional role (Figure [2D](#F2){ref-type="fig"}), our binding results show that the D61A variant has wild-type affinity (610 nM) providing support that D61 is not critical for recognition of the ribosomal complex (Figure [4D](#F4){ref-type="fig"}).

Mutation of three patches of positively charged residues on the surface of YafQ that we predict might interact with the negatively charged phosphate backbone of 16S rRNA each resulted in a partial restoration of growth (Figure [3A](#F3){ref-type="fig"}). Two groups of YafQ mutations (K14A/K17A and K21A/R22A/K24A) did not bind to the 70S at all, while the K28A/K30A mutation exhibited a greater than 4-fold reduction in affinity (*K*~d~ = 1.4 μM) (Figure [4D](#F4){ref-type="fig"}). Single YafQ point mutations of Y47A and K48A that we predict to interact with 16S rRNA based upon our modeling studies (Figure [1C](#F1){ref-type="fig"}) show a complete and a partial restoration of growth, respectively (Figure [3B](#F3){ref-type="fig"}). Therefore the restoration of growth by the K48A mutation was most likely due to its reduced ability to bind to the 70S (*K*~d~ reduced by 40-fold to 14.7 μM). This is in contrast to the Y47A mutant which displayed a wild-type YafQ binding affinity (Figure [3B](#F3){ref-type="fig"}). These seemingly contradictory results for residue Y47 could be explained by the possibility that the Y47A variant undergoes rapid turnover in the cell allowing for a phenotype that resembles an inactive YafQ (i.e. normal growth). This interpretation is consistent with the low levels of YafQ Y47A protein we observe by Western blot analysis (Supplementary Figure S1).

Proposed mechanism of YafQ-mediated mRNA cleavage {#SEC3-4}
-------------------------------------------------

To determine how YafQ cleaves mRNA, we performed *in vitro* assays where we monitor the 5′-\[^32^P\]-mRNA cleavage products after addition of YafQ over time. We first incubated 70S with mRNA containing a strong Shine-Dalgarno sequence optimally placed from the P-site AUG start codon and next added tRNA^fMet^ to the P site to ensure correct positioning of the mRNA (data not shown). Our results show that YafQ, the DinJ-YafQ complex, or antitoxin DinJ alone, are unable to cleave free mRNA (Figure [5A](#F5){ref-type="fig"}). As expected, YafQ cleaves an mRNA containing an A-site lysine codon (AAA) almost to completion when bound to the 70S supporting its predicted role as a ribosome-dependent endonuclease (Figure [5A](#F5){ref-type="fig"}) ([@B18]).

![YafQ residues important for degrading the AAA lysine codon in the ribosomal A site. The cleavage of programmed 5′-\[^32^P\]-mRNA (25 mer; filled arrowhead) containing an AAA lysine codon in the 70S A site was monitored by the appearance of a degradation product (∼19 mer; open arrowhead). (**A**) mRNA cleavage experiments demonstrate the requirement for the ribosome by YafQ. Antitoxin DinJ and YafQ without the 70S are unable to cleave an AAA lysine-containing mRNA transcript alone. 19 mer, 20 mer and 25 mer standards are shown at the left of each gel. (**B**) mRNA containing an AAA codon in the A site was incubated with YafQ and then further incubated with T4 PNK. The removal of the 3′ phosphate by T4 PNK shows the mRNA run as a 20 mer (gray arrowhead). (**C**) YafQ residues potentially important for activity were mutated to alanine and assayed for their ability to cleave mRNA on a programmed 70S ribosome and monitored over time. If YafQ is absent from the reaction, no mRNA is cleaved (lanes 1--5; 0s, 60s, 600s, 1800s and 3600s). Wild-type YafQ (lanes 6--13) and YafQ Y47A variant (lanes 14--21) were monitored over the following eight time points: 10s, 30s, 60s, 120s, 300, 600s, 1800s and 3600s. YafQ H50A and YafQ D61A reactions were monitored over seven time points: 30s, 60s, 120s, 300, 600s, 1800s and 3600s. (**D**) Further degradation assays were performed with YafQ H63A (lanes 1--7), YafQ D67A (lanes 8--14), YafQ H87A (lanes 15--21), YafQ F91A (22--28) and a YafQ [t]{.ul}riple [m]{.ul}utant of H50A, D61A and H63A denoted as 'tm' (lanes 29--35) over seven time points similar to YafQ H50A and D61A. The percent mRNA degraded by each YafQ variant at 2 min (**E**; Y axis) and 30 min (**F**) were plotted with error bars showing the standard deviation from at least three replicates.](gkv791fig5){#F5}

Ribonucleases mediate RNA hydrolysis by facilitating nucleophilic attack on an adjacent scissile phosphate resulting in products that either contain a phosphate at the 3′ or 5′ end ([@B51]). RelE and YoeB structurally resemble endonucleases such as RNase T1, RNase Sa2 and RNase A which all leave a 3′ phosphate after cleavage, in contrast to RNase H, which produces a 5′ phosphate ([@B52],[@B53]). Cleavage by RelE results in a 2′-3′ cyclic phosphate end while YoeB has been proposed to leave a 3′ phosphate ([@B36],[@B37]). To determine whether YafQ cleavage results in a 3′-phosphate product, we performed the same *in vitro* cleavage assay as described previously, treated the reaction with T4 PNK to remove a 3′ phosphate and then ran the reactions on a denaturing polyacrylamide gel. Our results show that without T4 PNK treatment, the reaction product ran faster than after incubation with T4 PNK (Figure [5B](#F5){ref-type="fig"}). As RNAs containing a 2′-3′ cyclic phosphate or a 3′ phosphate typically migrate one to two nucleotides faster on denaturing gels than 3′ dephosphorylated RNA ([@B54],[@B55]), these results are consistent with the presence of a terminal 3′ phosphate after mRNA cleavage by YafQ. Additionally, these results provide supporting evidence that YafQ performs phosphodiester backbone cleavage via a similar mechanism as RNases T1, Sa2 and A.

H50 and H87 are important for mRNA cleavage {#SEC3-5}
-------------------------------------------

To qualitatively test which YafQ residues participate in mRNA hydrolysis, we performed mRNA *in vitro* cleavage assays with a number of YafQ variants. Our results demonstrate the that YafQ variant Y47A does not display any changes in mRNA degradation as compared to wild-type, indicating this residue plays little to no role in catalysis (Figure [5C](#F5){ref-type="fig"} & [E](#F5){ref-type="fig"}). In contrast, when YafQ residues D61, H63, D67 and F91 are mutated to alanine, the ability of YafQ to cleave mRNA is reduced (Figure [5C](#F5){ref-type="fig"}--[F](#F5){ref-type="fig"}). Furthermore, YafQ residue H50 appears to play a significant role in mRNA cleavage as upon mutation to alanine, the amount of mRNA cleaved is reduced substantially, and in the case of H87A variant, no cleavage occurs at all. Lastly, a YafQ [t]{.ul}riple [m]{.ul}utant of H50A, D61A and H63A ('tm') completely ablates YafQ activity much like the H87A variant.

DISCUSSION {#SEC4}
==========

*E. coli* YafQ is a member of the RelE/YoeB toxin family, characterized by a conserved microbial RNase fold. This family of endoribonucleases share low sequence identities ranging from 11--20% and high amino acid variability especially within their active sites. One possible reason for this variability is the requirement to recognize diverse three-nucleotide codons in the vicinity of the ribosomal A site. Based upon our initial modeling studies of YafQ bound to the 70S ribosome using the previously solved structures of the YafQ, 70S-RelE and 70S-YoeB, we predict that three histidines (H50, H63 and H87) and two aspartate residues (D61 and D67) of YafQ are adjacent to the scissile phosphate of the mRNA and participate in mRNA cleavage. Our growth and cleavage assays here support a critical role for YafQ residue H87 in mRNA cleavage while residues H50, H63 and D67 play important, though not individually indispensable roles. We propose that H87 likely functions as the general acid by stabilizing the 5′ leaving group based upon its proximal location to the scissile phosphate at the second nucleotide of the A site. Similar to RNase A, possible interactions between D67 and H87 may be to generate the correct tautomer of H87, thus allowing this residue to function as a proton donor ([@B56]). Based upon their spatial locations and their functional importance from our studies, either H50 or H63 acts as a general base to abstract the 2′ hydroxyl proton that activates the 2′-oxygen for S~N~2 in-line attack at the scissile phosphate. Since it is somewhat unclear from our data whether H50 or H63 is the definitive catalytic base, we made a YafQ [t]{.ul}riple [m]{.ul}utant of H50A, D61A and H63A (called 'tm'), which all singly affect mRNA degradation to a much lesser extent than H87A. This triple mutant ablates YafQ activity. Since residue H50 appears to have a larger effect on catalysis than H63 and is closer to the 2\'-OH, we interpret H50 as the primary general base. Upon H50A mutation, the catalytic deficiency may be compensated by the adjacent H63. In the H50A, D61A and H63A triple mutant, there is effectively no residue that can function as a base, and in this situation, YafQ activity is ablated. The functional redundancy of these histidines suggests flexibility in the requirements for YafQ-mediated mRNA catalysis. There does seem to be some precedent for ribosome-dependent active site flexibility as seen in the case of YoeB ([@B32]). Substitution of proposed general base E46 of YoeB still retains low activity ([@B32]) implying that other neighboring YoeB residues or even perhaps 16S rRNA ([@B37]) may be able to functionally compensate (Figure [6](#F6){ref-type="fig"}). This active site plasticity can be viewed as either an adaption to codon specificity for each toxin or a redundant feature of toxin enzymes that aim to promote mRNA degradation at any cost as the bacterial survival is at stake.

![Proposed mechanism for phosphodiester cleavage of ribosome-bound mRNA by YafQ. The second A-site nucleotide or A+5 stacks with Phe91 (double arrows) orienting the mRNA optimally for in-line attack at the scissile phosphate. His50 or His63 functions as a general base to abstract the 2′-proton of the 2′-OH of mRNA residue A+5 and His87 stabilizes the 5′-leaving group as a general acid. Asp67 interacts with His87 to shift its pKa to facilitate leaving group stabilization. The specific role of Asp61 is unclear although it does appear important for overall function.](gkv791fig6){#F6}

Structural similarities between the RelE/YoeB toxin family and general endoribonucleases such as RNases T1 and Sa2 have been noted previously ([@B36],[@B37]). These enzymes are also compact nucleases with concave active sites similar to the ribosome-dependent toxins yet instead recognize free single stranded RNA. An important question is therefore, why do toxin endonucleases require the ribosome for RNase activity while general endoribonucleases do not? Both actives sites of RNase T1 and Sa2 contain aromatic residues (H40/H92/F100, and F39/H86/Y87, respectively) that cluster around the RNA for optimal positioning for catalysis ([@B57],[@B58]) (Figure [7A](#F7){ref-type="fig"}). RelE lacks such active site aromatic residues, and their absence was proposed as a possible explanation for the requirement of the ribosome for RelE activity ([@B36]). Moreover, 16S rRNA nucleotide C1054 was proposed to functionally compensate for aromatic residues to aid in mRNA substrate positioning. However our present study demonstrates that YafQ aromatic active site residues (H50, H87 and F91) are important for mRNA cleavage similar to RNase T1 and Sa2. Structural alignment of YafQ with RNase T1 and Sa2 reveals YafQ residues H50, H87 and F91 are located at equivalent positions as the corresponding RNase T1 and Sa2 active site residues (Figure [7A](#F7){ref-type="fig"}). Thus the lack of active site aromatic residues in toxin endonucleases is not why the ribosome is critical for toxin activity. Our new insights into which YafQ residues are important for catalysis and binding indicate that juxtaposed toxin α-helices, with the α1 motif absent in both RNase T1 and Sa2, confer specificity for the ribosome (Figure [7B](#F7){ref-type="fig"}). In the place of α1, RNase Sa2 contains two β strands which upon structural alignment are located further from 16S rRNA than α1 and, moreover, lack basic residues to interact with an RNA backbone (Figure [7C](#F7){ref-type="fig"}). RNase T1 completely lacks this region altogether. While these data clearly implicate toxin α-helices as critical for ribosome-dependent activity, we also found that wild-type YafQ is unable to bind to an empty ribosome (*i.e*. without mRNA), further demonstrating toxin-16S rRNA interactions are not sufficient alone for productive ribosome binding. Taken together, these results point to an mRNA cleavage mechanism by ribosome-dependent toxins that rely on a conserved structural toxin scaffold appended with divergent active site residues that direct mRNA sequence specificity. These requirements allow for recognition of different mRNA sequences but concurrently, the conserved, surface α-helices mediate recognition of the negatively charged, ribosomal A site.

![Structural similarities between ribosome-dependent toxins, RNase T1 and RNase Sa2. (**A**) Structural alignment of YafQ, RNase T1 and RNase Sa2 (PDB codes 4Q2U, 5HOH, 3D4A) reveals the aromatic residues cluster in similar positions likely around the RNA. (**B**) YafQ and RelE both adopt a structurally conserved, microbial RNase fold (PDB codes 4Q2U and 4FXI) with interactions between α1 and α2 helices with the backbone of 16S rRNA in the A site (only α1 interactions are shown for simplicity). Orientation is similar to Figure [1C](#F1){ref-type="fig"}. (**C**) Despite a common structural scaffold, microbial RNase T1 and RNase Sa2 (PDB codes 5HOH and 3D4A) lacks α1 possibly explaining how they are unable to recognize the 16S rRNA in the A site.](gkv791fig7){#F7}
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